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UNDER ADVERSE ENVIRONMENTAL conditions many organisms enter dormancy, a period of inactivity that prolongs the amount of time an animal can survive on endogenous fuel reserves. Dormancy involves strong suppression of both locomotor activity and metabolic rate and is a common factor of various survival strategies including hibernation, torpor, anhydrobiosis, and diapause (49) . Under circumstances of food and water deprivation associated with xeric conditions, numerous animals (invertebrates, fish, frogs, reptiles) become dormant by entering into a metabolically depressed state known as estivation. Whole animal metabolism during estivation may be depressed by as much as 80% and can sustain viability for an entire dry season, if not years (23, 53) .
Despite the adaptive value of the dormant phenotype, dormancy in vertebrates may expose cells to diverse stressors, including fluctuations in temperature or oxygen levels, acidosis, and oxidative damage (54) . Moreover, because dormancy entails prolonged periods of inactivity and fasting, an expected outcome arising from organ and tissue disuse is cellular atrophy and the potential for compromised performance upon arousal. In typical models (humans, mice, rats), prolonged inactivity or immobilization of skeletal muscle (e.g., cast immobilization or extended bed-rest) results in muscle disuse atrophy, a condition that is characterized by the "wasting" or loss of muscle mass and strength (4) . Such losses can often be accompanied by accelerated apoptosis (33) , a genetically programmed form of cell death that may be initiated by cell death receptors or via mitochondrial pathways (41) . In muscle tissue apoptosis may contribute to atrophy by leading to loss of myofibers (hypoplasia) or loss of myofiber segments (hypotrophy) and is likely to be related to dysfunction of mitochondria (33) .
Research on muscle disuse atrophy has primarily focused on mammals, and the deleterious effects of atrophy appear to be common to most species studied (17) . However, recent investigations have examined the structure, function, and plasticity of muscles in organisms that experience natural periods of muscle disuse or immobilization, such as estivating frogs and hibernating mammals (8, 14, 16, 32, 35, 52, 61) . These studies have shown that animals that undertake extended bouts of natural immobility (i.e., dormancy) consistently demonstrate less of an atrophic response than that experienced by the usual mammalian models immobilized for considerably less time. Dormancy is characterized by a complex suite of highly coordinated biochemical changes; however, very little is known about the physiological or molecular underpinnings of processes to mitigate atrophy or apoptosis in dormant animals such as mammalian hibernators and estivating frogs.
The green-striped burrowing frog (Cyclorana alboguttata) is found in hot, arid regions of eastern Australia and spends the majority of its life in estivation. Studies have shown that throughout estivation, burrowing frogs experience extended periods (up to 9 mo) of inactivity and fasting without suffering any substantial skeletal muscle atrophy and are able to resume locomotor ability immediately upon arousal, indicating preser-vation of muscle functional capacity throughout the estivation period (16, 19, 32, 52) . Thus, C. alboguttata is an intriguing model for investigating the physiological and molecular mechanisms underlying metabolic suppression, atrophy, and apoptosis. The preservation of muscle in C. alboguttata is likely to be a complicated process involving multiple cellular pathways operating in parallel to mediate inhibition of muscle wastage. Such complexity requires a more global approach to investigating the biochemical changes that occur throughout estivation to maintain cell viability.
The development of high-throughput sequencing technologies has enabled the rapid generation of large-scale sequencing data at a level that was previously unfeasible. High-throughput RNA sequencing (RNA-Seq, sequencing of steady-state RNA in a sample) has proven to be an invaluable tool used in a variety of applications in nonmodel organisms that lack existing genomic information, for example transcriptome characterization, gene expression profiling, and detection of allelespecific expression (10) . The aim of this study was to use RNA-Seq technology to generate a burrowing frog skeletal muscle transcriptome and conduct comparative expression profiling between active and 4 mo estivating C. alboguttata to gain insight into genes and pathways underlying the estivating phenotype. In particular, we were interested in transcriptional pathways that may mediate inhibition of muscle atrophy in C. alboguttata.
MATERIALS AND METHODS

Experimental Animals
Green-striped burrowing frogs, C. alboguttata (13-44 g body mass) were collected from the districts of Dalby and Theodore, Queensland, Australia (Scientific Purposes Permit WISP10060511). Frogs were transported back to the laboratory and were kept in plastic containers with wet paper towels and fed weekly on crickets. Frogs were randomly assigned to one of two treatment groups (4 mo estivators and controls), and all animals were fed 6 days before the experiment began. During experimentation control frogs were maintained under a 12:12 h light-dark regime, whereas estivating frogs were kept in 24 h darkness. All experiments were conducted with the approval of the University of Queensland Animal Ethics Committee (permit number: SBS/238/11/ARC).
Whole Animal Metabolic Rate
Respirometry was conducted to verify metabolic depression during estivation in burrowing frogs. Frogs required to estivate were placed into 500 ml glass respirometry chambers with wet paper pellets, and the water was allowed to slowly dry out. Frogs rapidly burrowed into the paper and entered into estivation. While estivators remained in their chambers for the entire experimental period, control animals were weighed and placed into their chambers 24 h prior to sampling and removed immediately following final oxygen consumption measurements. Control frogs were then fed and placed into a 12:12 h light-dark regime. Respirometry chambers (both control and estivating frogs) were kept in a dark, constant temperature (24.3 Ϯ 0.2°C) room during the experimental period. During nonsampling periods chambers were covered with mesh to allow air flow. Rates of oxygen consumption (VO 2) were measured by closed-system respirometry in frogs from each treatment group (controls n ϭ 10, estivators n ϭ 9). At the start of a sampling period chambers were sealed with a rubber bung, and a fiber optic oxygen transmitter with oxygen-sensitive spots (Precision Sensing, Regensburg, Germany) was used to measure the partial pressure of oxygen (as a percentage of air saturation) within the chamber. This method allows oxygen partial pressures to be measured noninvasively through the wall of the respirometer. Oxygen measurements were taken several hours later, depending on the treatment group (i.e., longer for estivators), and on multiple occasions to calculate repeated rates of oxygen consumption. The lowest rate in the analysis was used before oxygen consumption and CO 2 production were determined according to the formula of Vleck (56) .
Muscle Sampling and Morphometrics
In the current study the gastrocnemius muscle was selected for analysis because in anurans this muscle produces the force necessary for jumping. After 4 mo of estivation, frogs were removed from their chambers and immediately euthanized by cranial and spinal pithing. Control frogs were fasted for 5 days before euthanasia. Body mass and snout-vent length (SVL) were measured. The right gastrocnemius muscle was then rapidly excised, weighed, and placed immediately into RNAlater (Ambion). Tissue samples were stored at 4°C overnight and then transferred to Ϫ80°C until processed. The contralateral gastrocnemius muscle was pinned to a small piece of dental wax while it was still attached to the bone to maintain muscle length. Once pinned, the muscle was then separated from the bone, weighed and placed into 10% neutral-buffered formalin (NBF) and kept at 4°C for subsequent morphometric analysis. Fixed gastrocnemius muscles were removed from NBF, and cross-sectional slices of ϳ3-5 mm were taken from the midsection. Specimens were mounted in embedding medium (Tissue-Tek OCT Compound, ProSciTech), frozen in isopentane cooled to the temperature of liquid nitrogen, and stored dry at Ϫ80°C for later sectioning. Frozen muscle blocks were sectioned into 16 m thick slices with a Leica 3050n cryostat at Ϫ20°C. The sections were melted onto glass slides and air-dried before sections were viewed with an Olympus SZ61 stereomicroscope, and images were captured with a Micropublisher 3.3 Real-Time Viewing camera (QImaging). For each animal, two cross-sections were selected and images were analyzed with SigmaScan (SPSS) to determine whole muscle cross-sectional area.
Total RNA Isolation
Total RNA was isolated from ϳ80 -100 mg of preserved gastrocnemius muscle tissue. Muscle samples were thawed in 1 ml of PureZOL (Bio-Rad) and homogenized with stainless steel beads using a TissueLyser II (Qiagen). The homogenates were centrifuged at 12 000 g, at 4°C for 10 min to remove any insoluble cell debris. Cell lysates were combined with chloroform and centrifuged (12,000 g, 4°C, 15 min) to separate aqueous and organic phases. The aqueous phase containing RNA was then isolated using a PureLink RNA Mini Kit (Life Technologies). An on-column PureLink DNase treatment protocol (Life Technologies) was conducted to obtain DNA-free total RNA before RNA quality assessment was performed using a RNA 6000 Nano Kit (Agilent Technologies) on an Agilent Bioanalyser. Total RNA from eight male frogs (controls n ϭ 4, estivators n ϭ 4; 13-26 g body mass) were prepared for subsequent high-throughput sequencing; all RNA samples had an RNA integrity number Ն 8.5.
mRNA Library Preparation and Illumina Sequencing
The following poly(A)ϩ selection, mRNA library construction, cluster generation, and sequencing were conducted by Macrogen (Seoul, Korea). RNA samples were prepared for sequencing using a TruSeq RNA Sample Preparation Kit (Illumina) according to the manufacturer's instructions. mRNA was purified from total RNA by way of poly(A)ϩ selection before samples were fragmented and reverse transcribed to cDNA using random hexamer priming. Following fragment end-repair, individual frog cDNA libraries were tagged by ligation of unique indexing adapters to cDNA ends in preparation for hybridization onto a flow cell. PCR was then used to enrich for adapter-containing cDNAs followed by quality control analysis of each sample library and quantification of the DNA library templates. Prior to sequencing, DNA templates were bridge-amplified to produce clonal clusters on the surface of the flow cell. Sequencing was then carried out using an Illumina HiSeq 2000.
Bioinformatics
De novo assembly, annotation, and RNA-Seq. To reconstruct C. albogutatta contiguous nucleotide sequences (contigs), paired-end reads up to 100 bp in length were assembled and aligned using CLC Genomics Workbench 5 (CLC Bio, Aarhus, Denmark). CLC Bio's de novo assembly algorithm works by using De Bruijn graphs. The minimum acceptable contig length was 200 bp, and scaffolding was performed by using paired-end read-information to ascertain both distances between, and orientation of the contigs. The contigs were then searched against the nonredundant National Center for Biotechnology Information (NCBI) protein database (BLASTx) with an expectation value of 0.001 using Blast2GO (B2G) (7). B2G was then used to retrieve associated gene ontology (GO) terms describing biological processes, molecular functions, and cellular components. The following criteria were adopted when reads were mapped back against the C. alboguttata reference transcriptome: 1) at least 90% of a given read was required to have at least 80% identity with the reference in order to be included in the final mapping, and 2) up to 10 alignments to the reference were allowed for a given read.
Identifying differential gene expression. Putative transcripts from control (n ϭ 4) and estivating (n ϭ 4) frog gastrocnemius samples were tested for differential expression using the Bioconductor (http:// www.bioconductor.org/) package EdgeR (39) . EdgeR fits a negative binomial model to read count data and uses empirical Bayes methods to moderate the degree of overdispersion (i.e., large variability) across genes, which is typical of RNA-Seq read counts. Furthermore, EdgeR uses a normalization method (trimmed mean of M-values, see Ref. 40) that estimates scaling factors between libraries before being incorporated directly into the model used to test for differential expression. In the present study, we removed genes with very low counts before testing for changes in gene expression. Genes were retained only if they were expressed in at least one control or estivating frog, and if they attained one count per million for at least four individual libraries. Following library normalization and dispersion estimates of genes, exact tests were conducted to calculate differences in the means of each gene between control and estivating frogs. Genes were selected for further analysis if they met a minimum fold change threshold of 1.5 on a log2 scale. The significance threshold was set at P Յ 0.05, and Benjamini and Hochberg's algorithm (3) was used to control the false discovery rate (Ͻ0.05).
Ingenuity Pathways Analysis. To perform gene functional analysis, we analyzed differentially expressed C. alboguttata genes using Ingenuity Pathways Analysis (IPA) software (Ingenuity Systems, http://www.ingenuity.com). IPA uses a human-curated knowledge base to analyze expression data in the framework of known biological response pathways and regulatory networks. IPA was used to identify canonical pathways and molecular/cellular functions that were most significantly overrepresented for the entire set of differentially expressed C. alboguttata genes and also separately among the up-and downregulated genes. For all analyses, statistical significance of gene/pathway groups was determined by a Fisher's exact test.
Statistical Analysis of Whole Animal Metabolic Rate and Muscle Data
A one-way covariance analysis (ANCOVA) was used with SVL as the covariate to examine the effect of estivation on muscle mass and muscle cross-sectional area. Oxygen consumption and whole body mass were analyzed by one-way ANOVA. All data were assessed for normality and constancy of variance and log transformed where appropriate.
RESULTS
Whole Animal Metabolic Rate and Muscle Size
At the end of the 4 mo treatment period, the mean VO 2 of control frogs was 57.
, whereas in estivating animals the mean VO 2 was significantly lower at 17 Table 1 ). Thus, immediately prior to muscle tissue sampling, the VO 2 of estivating C. alboguttata was depressed by ϳ70% relative to control animals. Estivation resulted in a decrease in whole body mass, by ϳ27% (P Ͻ 0.01, Table 1 ). The wet mass of gastrocnemius muscle from estivating frogs (mean ϭ 244.9 mg, SD ϭ 59.5) was ϳ23% less that of control animals (mean ϭ 317.2 mg, SD ϭ 109.5), although the effect of estivation on gastrocnemius wet mass was not significant once adjusted for the difference in SVL between the groups (ANCOVA: full model, P ϭ 0.15; treatment, P ϭ 0.78; relationship to SVL, P Ͻ 0.001). Similarly, whole cross-sectional area of gastrocnemius muscle was less in estivators (ϳ35%, mean ϭ 14.8 mm 2 , SD ϭ 4.1) relative to controls (mean ϭ 22.8 mm 2 , SD ϭ 5.8) but was not significant after accounting for SVL (ANCOVA: full model, P ϭ 0.92; treatment, P ϭ 0.70; relationship to SVL, P Ͻ 0.001).
De Novo Assembly and Annotation
Eight separate cDNA libraries were generated from gastrocnemius muscle of male frogs. These libraries were tagged and sequenced simultaneously on a single lane of a flow cell by Illumina HiSeq technology to produce ϳ400 million reads [available at NCBI Sequence Read Archive (SRA) under accession SRA061647, Bioproject: PRJNA177363]. Sequenced samples from both control and estivating frogs were used in the de novo transcriptome assembly to maximize representation of expressed genes. A summary of the de novo assembly is presented in Table 2 . There was a large range in contig size, and as expected, the overall quantity of contigs decreased with increasing contig length (Fig. 1) . The C. alboguttata contigs were annotated by searching the NCBI nonredundant protein databases using BLASTx. Approximately 33%, or 22,695 of the 68,947 total constructed contigs, were related to proteins in NCBI's nonredundant database with an E value of Ͻ1e Ϫ3 . Taxa with the most matches were the Western clawed frog (Silurana tropicalis) and African clawed frog (Xenopus laevis) (12,162 and 3,531 matches, respectively), where matches correspond to the BLAST top hit for each sequence (Fig. 2A) . The majority of the contigs showed Ն50% similarity with each sequence's respective closest BLAST match (Fig. 2B) . The functional classification based on biological process, molecular function, and cellular component is shown in Fig. 3 . Among the biological process GO terms, a significant percentage of genes were categorized into cellular (23.5%) and metabolic (18.8%) processes, whereas many genes were assigned to protein binding (29.6%) and ion binding (18.0%) for the molecular functions class. Cell part (35.8%) and membrane-bounded organelle (21.8%) represented a large proportion of cellular components.
RNA-Seq Analysis and Differential Gene Expression
We used the CLC Genomics Workbench RNA-Seq tool to map the short sequence reads to our C. alboguttata reference transcriptome assembly. Fifty-four percent of reads from control animals mapped back to the C. alboguttata reference transcriptome. In the estivating frogs, 62% of reads mapped onto the reference transcriptome. Across all samples the mean percentage of reads that mapped nonuniquely was Ͻ0.2%. We compared expression patterns of the annotated contigs (genes) between 4 mo estivating frogs (n ϭ 4) with those of control animals (n ϭ 4).
Before conducting exact tests, we normalized read counts using scaling factors for the different library sizes in edgeR. Following normalization, count distributions for the eight libraries were similar in composition (Fig. 4) . With a false discovery rateadjusted P value of 0.05, we found that the expression levels of 533 genes changed significantly between estivating and control frogs, the majority of which were downregulated in estivators (342 genes). More than half (54%) of all the differentially expressed genes demonstrated expression changes exceeding fourfold. When both P value and fold change were considered, the gene most upregulated in estivating frogs was a sodium-dependent nucleoside cotransporter (slc28a3-like), which plays a role in maintaining cellular nucleoside homeostasis (increased 150-fold, P ϭ 2.9E-23). Muscle-specific enolase (eno3), which functions in glycolysis and also muscle development, was the gene most downregulated (ϳ200-fold, P ϭ 3.8E-19). The full set of differentially expressed genes is provided in Supplemental Table S1 . 1 To gain insight into the signaling pathways and molecular functions that may be activated/deactivated in skeletal muscle of C. alboguttata during estivation, we used IPA to perform functional analysis of genes that were differentially expressed during estivation as determined by EdgeR. Analysis of the entire set of these genes showed that the most significantly overrepresented canonical pathways were glycolysis/gluconeogenesis, adherens junction signaling and remodeling, and nuclear factor E2-related factor 2 (NRF2)-mediated oxidative stress response (Fig. 5) . A subset of these genes is presented in Table 3 , and several of these have previously been shown to be differentially regulated during muscle remodeling. Skeletal muscle exhibits highly specialized subsarcolemmal adherens junctions, such as myotendinous and neuromuscular junctions, and also costameres, which couple myofibrils with the sarcolemma. Genes coding for the muscle contractile proteins actin and myosin were suppressed during estivation, as were vinculin and ␣-actinin, which bind to and cross-link with actin filaments. In contrast, components of the microtubule cytoskeleton (tubulin isoforms) were upregulated. Nrf2 is a transcription factor that binds to the antioxidant response element to initiate transcription of target genes involved in anti- 1 The online version of this article contains supplemental material. A B Fig. 2 . Summary of BLAST hit species distribution and similarity of C. alboguttata contigs using a cutoff E-value Ͻ1e Ϫ3 . A: Silurana tropicalis and Xenopus laevis, the 2 best-annotated amphibians, exhibited the most matches against C. alboguttata contigs, where matches correspond to the BLAST top hit for each sequence. B: summary of the percent sequence similarity of C. alboguttata contigs with NCBI nr protein database. oxidant defense systems, including superoxide dismutase, catalase, peroxiredoxins, and genes participating in glutathione synthesis and function (20) . Several genes associated with the Nrf2 oxidative stress response were induced in estivating muscle, including MafK transcription factor and kelch-like ECH-associated protein 1, both of which directly interact with Nrf2 (Table 3) . The regulatory subunit of glutamate cysteine ligase, glutathione S-transferase omega 2, sulfiredoxin 1, DnaJ/heat shock protein (HSP) 40, transitional endoplasmic reticulum ATPase, and ferritin showed increased expression. However, glutathione S-transferase P1 and another DnaJ/HSP40 (subfamily B, member 5) were found to be suppressed.
When IPA was used to solely analyze all the downregulated genes (Fig. 6 ) the molecular functions significantly overrepresented during estivation were amino acid metabolism, small molecule biochemistry, carbohydrate metabolism, and lipid metabolism. Given the overrepresentation of the energy metabolism categories, all energy metabolism genes that were identified by IPA are shown in Table 4 . Among the upregulated genes nucleic acid metabolism; small molecule biochemistry; cell death and survival; and DNA replication, recombination, and repair were found to be overrepresented (Fig. 6) . A summary of the genes implicated in these processes have been provided in Table 5 . Genes associated with proapoptotic signaling included tumor necrosis factor receptor superfamily member 6 precursor (also known as Fas receptor, fas), ras association (RalGDS/AF-6) domain family member 1 (rassf1), apoptosis-inducing factor 2 (aifm2), and apoptosis-enhancing nuclease (aen). There was elevated expression of genes with cytoprotective functions, such as vesicular overexpressed in cancer prosurvival protein 1 (vopp1), survivin (birc5.2-b), heat shock 70 kDa protein 5 (hspa5, aka 78 kDa glucose-regulated protein), heat shock protein 90 kDa beta member 1 (hsp90ab1, 94 kDa glucose-regulated protein), and small heat shock protein (family B) member 11 (hspb11). Serine/threonine protein kinase Chk1 (chek1), which is chiefly responsible for cell cycle arrest in response to DNA damage or replication stress, and Cdk2, another gene critical in controlling the cell cycle, were upregulated during estivation. Also of interest was the increased expression of genes coding for DNA repair proteins, tonsoku-like protein (tonsl), DNA mismatch repair protein MSH6 (msh6), nei endonuclease VIII-like 3 (neil3), and genes that play a role in remodeling of chromatin (rbbp4, smarca4, smarca5).
DISCUSSION
Throughout estivation C. alboguttata are immobilized within a cocoon of shed skin and do not eat, drink, or show any signs of activity. The inhibition of muscle atrophy in C. alboguttata is likely to be due to a number of factors including increased antioxidant defenses relative to oxidant production (19), maintenance of "random" acetylcholine release at neuromuscular junctions (18) , and metabolic depression at the tissue and whole animal level (17, 61) . Despite the results of these and other studies, the molecular and cellular mechanisms responsible for the inhibition of skeletal muscle disuse atrophy in natural models have not been fully characterized. Transcriptome profiling of animals that experience natural periods of muscle immobilization or inactivity (i.e., estivators and hibernators) helps to provide a better molecular-and systems-level understanding of how these organisms resist cellular degenerative changes and retain locomo-A B C Fig. 3 . Distribution of the gene ontology (GO) categories assigned to the C. alboguttata skeletal muscle transcriptome. The data from InterPro terms and enzyme classification codes were merged with GO terms using Blast2GO software. We annotated 22,695 sequences into 3 categories: biological process (GO level 4) (A), molecular functions (GO level 3) (B), and cellular components (GO level 3) (C). MP, metabolic process; BP, biosynthetic process; Comp., compound.
tor performance upon arousal. In the following discussion, particular emphasis is placed on how the observed gene expression changes observed in our RNA-Seq study pertain to the inhibition of skeletal muscle atrophy that is characteristic of estivating C. alboguttata.
Adherens Junction Remodeling
We chose to analyze gene expression in gastrocnemius muscle of 4 mo estivating burrowing frogs, as previous analyses demonstrated a lack of muscle atrophy in the force-producing hindlimb muscles until 6 -9 mo of estivation (19, 32 ). In the current study genes encoding myosin and actin isoforms, as well as ␣-actinin and vinculin were significantly downregulated in muscle of estivating animals. Myosin heavy chain and actin proteins are among the most important determinants of muscle force transduction, whereas ␣-actinin and vinculin regulate organization of the actin cytoskeleton. Transcription of actin and myosin isoforms appears to not be required for the maintenance of muscle contractile function when C. alboguttata emerges from estivation. It is conceivable that burrowing frogs might remodel and preserve existing muscle contractile proteins in the early stages of estivation, precluding the requirement to transcribe actin and myosin genes in the middle and latter stages of dormancy. These findings are consistent with other studies of various species of hibernating mammal that have shown that myosin heavy chain protein expression is often maintained despite prolonged muscle inactivity (42, 43) . While muscle contractile activity ceases during dormancy, skeletal muscle is also challenged to retain structural integrity despite disuse and starvation. Estivating muscle exhibited increased expression of ␣-and ␤-tubulin transcripts, suggesting that the reinforcement of cellular and organelle integrity is of increased importance in the gastrocnemius during estivation. Upregulation of tubulin isoforms is in stark contrast to the situation during mammalian disuse remodeling (45) , further supporting the unusual muscle inactivity response seen in C. alboguttata.
Nrf2-Mediated Oxidative Defense
Muscle disuse atrophy in mammalian models has been linked to an accumulation of reactive oxygen species (ROS), which causes oxidative stress and damage to skeletal muscle tissue (37) . The accrual of ROS-induced oxidation products is positively correlated with oxygen consumption in a range of species (12) . As a result, the metabolic depression characteristic of dormant animals has been proposed to lead to a lower rate of ROS production and, in conjunction with a relative increase in antioxidant levels, protect the muscles of hypometabolic animals from significantly atrophying (17) . IPA identified several differentially expressed genes related to the Nrf2-mediated oxidative stress response. Nrf2 activity is sensitive to the intracellular concentration of ROS, and its induction is significant in protecting cells against oxidative stress. The upregulation of genes under Nrf2 control (gclm, gsto2, srxn1, dnaja4.1, fth1) suggests persistent bolstering of antioxidant defenses in skeletal muscle of C. alboguttata throughout estivation, which represents a potential means of reducing muscle wasting. Our expression data are supported by previous studies of C. alboguttata that have shown that transcription of antioxidant enzymes (catalase and glutathione peroxidase 4) and total antioxidant capacity are maintained at control levels in skeletal muscle during estivation (19, 32) . Similar results have been found in estivating toads (Scaphiopus couchii), indicating that endogenous regulation of antioxidants may reduce the susceptibility of muscle tissue to the effects of oxidative damage (13) . In typical mammalian muscle disuse models the opposite trend has been observed, with a number of studies having documented skeletal muscle wasting despite the induction of defense mechanisms against oxidative stress (including increased Nrf2 transcription) (5, 9, 26). However, a more definitive understanding of the role for the Nrf2-regulated antioxidant response in estivating C. alboguttata will require additional research, as we found other cytoprotective genes (gstp1, dnajb5) regulated by Nrf2 to be suppressed. Moreover, keap1a, a negative regulator of Nrf2-dependent transcription, showed increased expression in estivating muscle.
Energy Metabolism
The pronounced depression of metabolism in muscle tissue of estivating frogs (11, 23) would necessitate suppression of The y-axis represents the Ϫlog of the P value given during the analysis; thus, larger values equate to more significant regulation of a pathway. Fig. 4 Negative fold changes indicate downregulation of genes in frogs estivating for 4 mo relative to controls, whereas positive fold changes indicate upregulation of genes. Fig. 6 . Molecular/cellular functions found to be significantly overrepresented during estivation as determined by IPA. A: among the genes that were upregulated in muscle of estivating frogs, those involved in nucleic acid metabolism, small molecule biochemistry, cell death and survival, and DNA replication, recombination, and repair were overrepresented. B: among the downregulated genes, those implicated in amino acid metabolism, small molecule biochemistry, carbohydrate metabolism, and lipid metabolism were found to be overrepresented. Data are plotted as the Ϫlog of the P value given during the analysis, meaning larger values correspond to more significant activation/deactivation of a cellular functional group. akr1c1, gcdh, aox1) implicated in the oxidation of lipids were found to be underexpressed in estivators. The downregulation of peroxisome proliferator-activated receptor gamma coactivator 1-␣ (PGC-1␣) is particularly noteworthy, as it plays a vital role in metabolic reprogramming in response to nutrient supply. PGC-1␣ regulates mitochondrial biogenesis, and its induction leads to enhanced capacity for fatty-acid ␤-oxidation and mitochondrial oxidative metabolism. Enhanced expression of PGC-1␣ also occurs during muscular exercise (36) . Although downregulation of PGC-1␣ might be expected during muscle disuse, the overall suppression of genes implicated in oxidation of lipids is somewhat surprising, as fatty acid ␤-oxidation is enhanced in the skeletal muscle transcriptome and proteome of hibernating mammals (15, 57) . Lipids are still likely to be an essential fuel source during periods of estivation and/or fasting in C. alboguttata, although the liver and fat bodies are the most likely organs contributing to fatty acid metabolism, rather than skeletal muscle (22) . Dramatic downregulation of energy metabolism pathways have been documented in clinical models of muscle disuse (5, 6) . Evidence suggests there is a shift in fuel metabolism away from fat oxidation toward an increased reliance on glucose, and that fat accumulates in atrophied muscles in place of muscle protein (reviewed in Ref. 47) . In these models these changes are likely to negatively affect fatigue resistance, the recovery process, and locomotor performance. Transcriptional suppression of energy metabolism in muscle of aestivating C. alboguttata is clearly related to conservation of energy and body fuel and appears to have no significant impact on locomotor condition (16) . Rather, metabolic depression at the whole animal, tissue, and molecular levels is beneficial for estivating frogs, as hypometabolism extends endogenous lipid stores and postpones the need to catabolize muscle protein. Although skeletal muscle is a potential energy source, protein degradation must be avoided so that estivating frogs can preserve skeletal muscle structure and strength in preparation for arousal. This is supported in our study by the downregulation of an abundance of genes functioning in amino acid metabolism (particularly catabolism) and transport and in a previous examination that showed that skeletal muscle protein content is maintained in burrowing frogs despite prolonged estivation (31) . These results are in agreement with previous work on black bears, which showed that both protein synthesis and degradation are reduced in the disused muscles of hibernating animals (29) . In contrast to estivators and hibernators, the loss of muscle protein associated with typical models of muscle disuse atrophy is known to be due to a concurrent decline in the rate of protein synthesis and increase in the rate of protein degradation (21) .
A B
Cell Death and Survival
The coordinated induction of genes associated with cell death and survival is a prominent feature of the transcriptome of estivating C. alboguttata. Apoptosis, or programmed cell death, can be induced via extracellular (extrinsic) or intracellular (intrinsic) pathways. The extrinsic pathway is activated by specific death receptors, whereas the intrinsic pathway involves the release of cytochrome c from mitochondria in response to stressors including DNA damage and nutrient or energy depletion (41) . Both the extrinsic and intrinsic pathways of apoptosis converge into a common pathway causing activation of the executioner proteases known as caspases. Caspases subsequently degrade various cell substrates, leading to DNA fragmentation, chromatin condensation, cell shrink- age, and cell death (41) . Apart from their role in the intrinsic pathway of apoptosis, mitochondria also function in a pathway of caspase-independent apoptosis, which may be effected by apoptosis-inducing factor and related proapoptotic proteins (51, 58, 59) . Increased expression of genes involved in both the intrinsic and extrinsic proapoptotic pathways in skeletal muscle of estivating frogs suggests that the events leading to cell death are occurring, which would result in cellular degradation and ultimately manifest as atrophy. However, increased expression of proapoptotic genes during estivation was paralleled by induction of a number of antiapoptotic mechanisms. Two of these genes, survivin (birc5) and vesicular overexpressed in cancer prosurvival protein 1 (vopp1), are of particular interest as both are overexpressed in many human tumors and as a consequence are associated with conferring a prosurvival cellular phenotype (1, 44) . Survivin belongs to the family of inhibitor of apoptosis proteins and is widely expressed during embryonic development (when apoptosis is widespread) but has been reported to be low in most terminally differentiated tissues (44, 46) . In human systems interference of both survivin and VOPP1 function results in an increase in apoptosis and suppression of tumor growth (2, 44) . Similar to our study, cellular actions that would suppress proapoptotic signaling have been demonstrated in dormant snails (38) . The Bcl-2-associated death promoter (BAD) is a proapoptotic protein in its dephosphorylated form, but when phosphorylated at serine 136 BAD is prevented from interacting with mitochondrial apoptotic machinery and promotes cell survival. Ramnanan et al. (38) reported an almost twofold increase in levels of phospho-BAD in foot muscle of the estivating snails. A role of apoptosis in mammalian models of muscle disuse is evidenced by the observation that proapoptotic mechanisms are activated during hindlimb immobilization in rats but then subside during the muscle recovery period (55) . Thus, survivin and VOPP1 may represent key mechanisms that limit apoptosis and aid in the long-term preservation of muscle tissue during estivation in C. alboguttata. Several stressors, including changes in redox status and glucose starvation, can result in the accrual of misfolded and/or unfolded proteins within cells. Cells respond via initiation of molecular chaperones [e.g., heat shock proteins (HSPs)] that assist in the reassembly and stabilization of macromolecular structures, thereby preventing aggregation of denatured proteins during cell stress (30) . Estivating muscle of C. alboguttata exhibited increased expression of a number of genes encoding various HSPs. Consistent with our gene expression data, a recent study demonstrated an increase in levels of heat shock 70 kDa protein (HSP70) in the gastrocnemius of C. alboguttata during estivation (60) . Interestingly, there is a decline in expression of various HSPs in atrophied muscles of rats subjected to hindlimb unloading, which is predicted to be associated with impairment of muscle mass recovery (27, 45, 48) . Furthermore, a recent study demonstrated that overexpression of HSP70 in mouse skeletal muscle immobilized for 7 days resulted in improved contractile performance during the recovery period relative to wild-type controls, indicating that HSP70 improved recovery of skeletal muscle following disuse atrophy (34) . In C. alboguttata the upregulation of genes involved in refolding and stabilizing proteins in gastrocnemius muscle may be important regulatory mechanisms contributing to the preservation of muscle contractile performance upon emergence from estivation.
DNA Replication, Recombination, and Repair
DNA damage may occur during muscle atrophy, as levels of DNA fragmentation (a marker for apoptosis) were found to be elevated in skeletal muscles of rats subjected to hindlimb suspension (28) . Cells exposed to DNA stressors induce defensive pathways by activating multiple genes involved in processes such as homologous recombination (HR), nucleotide excision repair (NER), nucleotide mismatch repair (MMR), and cell cycle checkpoint control. DNA damage and apoptosis are intimately linked, as widespread and irreversible DNA damage often leads to cell suicide. Very little research has been done on the mechanisms that may maintain genomic stability in hypometabolic animals. In the current study, we found increased expression of genes associated with the NER, MMR, and cell cycle checkpoint control in muscle of estivating frogs, which suggests that transcriptional regulation of DNA repair plays a critical role in the dormant state. Increased tolerance to DNA damage during estivation would presumably lead to increased rates of cell survival.
Chromatin influences access to DNA, and a number of genes implicated in chromatin remodeling showed increased mRNA levels in estivating muscle. These results are in accordance with the requirement to tightly control transcription of specific genes during dormancy. In addition, recent evidence suggests that chromatin remodeling plays important roles during NER and HR (25) . For example, chromatin frequently serves as a docking or signaling site for DNA repair and signaling proteins. The induction genes functioning in cell cycle control and growth arrest and DNA and chromatin remodeling and repair are consistent with the ubiquitously conserved cellular stress response (24) and might be important for maintaining genome integrity during estivation.
Conclusions
The green-striped burrowing frog, C. alboguttata, exhibits an atypical atrophic response to extended immobilization and fasting during estivation. In the present study we identified a number of transcriptional mechanisms that may contribute toward the relative inhibition of skeletal muscle atrophy in estivating C. alboguttata. Our results suggest that cytoskeletal remodeling and induction of antioxidant defense genes are important for the maintenance of muscle integrity. The suppression of energy metabolism in immobilized muscle of estivating frogs indicates utilization of whole body, rather than local, fuel stores throughout estivation. In particular, avoidance of amino acid catabolism is consistent with the preservation of muscle protein and function. Proapoptotic and antiapoptotic factors are coexpressed and would appear to compete for promotion or inhibition of apoptotic muscle fiber degradation. A novel finding of this study was the induction of prosurvival genes, birc5 and vopp1. Such antiapoptotic mechanisms are likely to be important in countering proapoptotic machinery and preventing muscle fiber apoptosis. Combined with upregulation of molecular chaperones and DNA repair mechanisms, estivating burrowing frogs appear to possess the appropriate gene expression responses with which to inhibit atrophy and maintain tissue viability. Such modulation of gene expression is likely to be important in contributing to the preservation of muscle mass and integrity during estivation and the ability of C. alboguttata to emerge quickly from their subterranean burrows upon summer rainfall. The associations among various gene expression patterns shown here using RNA-Seq will provide new directions for future studies of the regulation of atrophy in both natural and clinical models of muscle disuse.
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